Salt plugging of the prolific Buntsandstein sandstone reservoirs has been the reason for failure for many wells in the saltdiapir prone areas of the Southern North Sea. Qualitative approaches based on careful interpretation, visual and neuralnetwork wave-form classification, and amplitude-based assessments have led to misinterpretations in the past,. In this paper, it is demonstrated that extensions of the Gassmann equation can be successfully applied to cater for the presence or absence of shear forces in the pore content. This way, the seismic appearance of good-quality reservoirs can be modelled based on salt-plugged intervals, and vice versa. A case-study is presented in which the seismic response of a water-bearing well was successfully modelled as salt-plugged, with a positive verification against measured surface seismic data.
Introduction
Salt plugging of the prolific Bunter sandstone reservoir has been the reason for failure for many wells in the salt-diapir prone areas of the Southern North Sea. In the past, in the absence of shear force sustaining pore-content substitution methods, qualitative approaches have been used based on careful interpretation, visual and neural-network wave-form analysis and classification, or amplitude-based assessments. Typically these studies were focussed at the Top Volpriehausen reflector only. However, these approaches have proven to be vulnerable to interpretation errors, or spurious amplitude results. With the development of pore-content substitution approaches based on extensions of the Gassmann equation (Ciz and Shapiro, 2008) , one can cater for the presence or absence of shear forces in the pore content due to solid (i.e. salt) infill. In operational terms, this means that one can model the seismic appearance of salt-plugged reservoirs based on water or gas bearing well intervals, and vice versa. This paper presents a Southern North Sea casestudy in which a water-bearing well was successfully modelled as salt-plugged, with a positive verification against measured surface seismic data.
Geologic Setting
The centre of the salt-diapir prone area of the Dutch Southern North Sea lies about 50 km northwest of Den Helder. This area is characterised by complicated Zechstein salt tectonics, causing major salt diapirs and ridges. These features cause structural deformation of the overlying sediments, being the Jurassic, Triassic and Cretaceous. The overlying Tertiary sediments, with a thickness of about 1 km, are largely undisturbed. Potential hydrocarbon traps in the area are primarily found in the Buntsandstein Sandstones (Volpriehausen, Hardegsen, Sollingen; Lower Germanic Trias), which have been dragged-up along salt features. When these Bunter Sandstones are encountered in reservoir quality, they provide for very good reservoir properties. However, many wells in the area have failed due to salt plugging of pore space. In this situation, the available porosity of the reservoir has been (almost) entirely filled with salt, with the remaining saturations either gas or water. Secondary reservoir intervals comprise the Cretaceous Chalk interval, the Jurassic Terschelling sandstones, and the Permian Lower Slochteren sandstones. For these latter reservoirs, salt plugging is a minor issue, though it has been observed in the Slochteren sandstones. 
Salt Plugging
It is generally believed (Mauthe, 2002) that there are three main processes driving the salt plugging of reservoirs: 1) Salt squeeze from nearby strata (Rot or Zechstein), 2) Precipitation from percolating waters, possibly associated to faults, and 3) (sudden) precipitation from (over-) saturated reservoir water.
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Each of these three driving mechanisms has a different effect on the formation being salt-plugged in terms of mechanical and elastic behaviour. The first scenario presumes considerable forces to move the salt in the pore space. From a mechanical point, this should have created damage to the rock-frame, causing faults, fractures and cracks. The second process requires a permanent network of conduits in order to percolate fluids through the reservoir. This means that porespace should remain open (i.e. communicating), but that salt is deposited in the form of cement. The last scenario could cause a total blockage of pore communication, and a virtual solid fill with salt. Each of these different processes will severely impact the elastic and thus seismic properties of the formation. This is corroborated when comparing a goodquality reservoir (figure 1 left) with a salt-plugged interval ( figure 1 right) , where a polarity reversal is observed.
Framework for modelling and substitution of solid and fluid pore-content
Fundamentally, the problem of salt-plugging can be approached in two ways: one by treating the saltinfill as part of the rock matrix and assessing the fluids involved separately. Alternatively, one can treat the salt infill as genuine pore-fill together with water and/or hydrocarbons.
The first approach, where salt is considered part of the mineral grains building the rock matrix, mineral mixing provides the framework to compute the effective elastic properties, using the Hashin-Shtrikman bounds for the extremes of bulk and shear modulus (Mukerji et al, 1998) . However, this method can not be used to compute shear moduli when removing the salt fraction from the gross mineral mix. Therefore, this method is not sufficient to perform substitution with the aim of generating AVO synthetics.
For the second approach, Ciz and Shapiro (2008) have demonstrated how the Brown and Korringa equations (1975) , the full anisotropic extension of the Gassmann equations (1951), can be adapted for a visco-elastic infill of the pore space. They have tested the applicability of the new model by numerical simulations using finite-difference and finite-element methods, and found very good agreement between the new theory and the numerical simulations.
The Ciz and Shapiro approach has originally been developed and tested for the use with bituminous or heavy oil. Contrary to conventional fluid pore fils, these substances can sustain shear forces (Han, Zhao, Yao, and Batzle, 2007).
Pacek (2009) has tested whether this theory can be applied to rock salt infill of pore space. This way, the extended Gassmann theory as developed by Ciz and Shapiro can be used to substitute well-log data between gas and water bearing situations, and the salt-plugged case, and provides for the theoretic framework to generate AVO synthetics and verify those against measured pre-and post-stack seismic data.
Well and Seismic data
In order to verify the applicability of extended Gassmann theory (Ciz and Shapiro, 2008) to the salt-plugged scenario, AVO models and AVO synthetics were generated. To this end, a water and a gas-bearing well, and a salt-plugged well were selected from the centre of the salt-diapir prone area of the Dutch Southern North to be used as 'type wells'. These well data are covering similar depth intervals and structural regimes. In addition, a number of additional calibration wells were included, as well as extensive core data to quality-check the well log data. We found that carful calibration of especially the density logs to core data through the effective porosity is critical to calibrate the proper rock-physics relations. All wells used in this study were located in a single, high-quality pre-stack time migrated seismic volume for which both stack and pre-stack data was available for this study.
Blocky Model substitution
A Matlab implementation of the extended Gassmann theory has been used to perform fluid and solid substation on interval averaged elastic parameters. As these block models were created for gas and water bearing as well as for saltplugged reservoir intervals, for which data was derived from similar depths, the substitution results could be crossvalidated against each other, and against the real data. The results of the block-model substitution are presented in figure  2 . In this table, vertical columns represent the final pore fill, whereas the horizontal rows present the original pore fill.
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Figure 2 Fluid and Solid substitution of elastic parameters for interval averages. Vertical columns represent final pore fill, horizontal columns the original pore fill.

Real well data substitution
After positive confirmation of the Matlab results presented in Figure 2 , the code was converted to run within the IKON Science RokDoc seismic modelling software. To this end, well log data and petrophysical evaluations were loaded for the three type wells as well as a number of calibration wells. With this data, a mineral and pore-content model was constructed. These models were calibrated against the core data, and against the calibration wells. On the type-well log data, well-log based fluid and solid substitutions have been run to predict pore-content scenarios. Using the original and substituted logs, AVO synthetics have been generated for the water, gas and salt-plugged cases. Those synthetics are compared against measured surface seismic; the results for the substitutions on the water-bearing type-well are presented in Figure 3 .
These substitution results show exactly the behaviour already observed qualitatively on seismic data. In the presence of gas, seismic amplitudes at Top Reservoir are significantly brighter than for water-filled reservoirs. In addition, saltplugging causes a net polarity-reversal in stack view. However, what is new is that salt-plugging can express itself as a class-2 AVO anomaly. As the polarity reversal takes place at relatively small angles, this causes the full-stack trace to show relatively strong amplitudes with a reversed polarity.
Discussion of Results and Conclusions
From an AVO point of view, extended Gassmann theory is required to fully account for the shear modulus. This way, one can cater for pore fill which can, or cannot sustain shear forces. Although the theory has been set-up aiming at bituminous oils, it also applies to possible salt fill of the pore network as well. The results of the block model substitutions show a very good match. However, one can observe a relatively large percentual deviation when substitution results are compared to the original water case. This is believed to be caused by the water type well being not fully representative for average Bunter sandstone. Moreover, it was found that samples had to be selected from similar depths, as it was not yet possible to establish a rock-physics template covering a too-large depth range. The well-log based substitutions results are self-explanatory in the sense that they show very clear and convincing amplitude behaviour. The match to measured pre-stack seismic is good, despite the gathers being not perfectly flat and noisy. This is due to the fact that no super-gathers have been created, and no dedicated gather conditioning was applied.
The gathers displayed in Figure 3 are raw time-migrated gathers with RMO velocities applied. In addition to this, there is a timing difference between the various modelled and measured datasets, as no effort has been taken to optimally align them.
Based on the match between modelled and measured seismic, one can conclude that the extended Gassmann theory can successfully be applied to perform substitutions between water, gas, and salt-plugged reservoir, for samples derived from similar depth and structural settings.
